In a relativistic plasma neutrino can emit plasmons by the Cerenkov process which is kinematically allowed for a range of frequencies for which refractive index is greater than one. We have calculated the rate of energy emission by this process. We compute the energy deposited in a stalled supernova shock wave by the Cerenkov process and find that it is much smaller than the Bethe-Wilson mechanism.
Introduction
The electromagnetic wave passing throuth the plasma, is modified because of the mobile charged particle in the medium and it consists of coherent vibration of the electromagnetic field as well as the density of the charged particles [1] . Photons no longer propagate at the speed of light and satisfy the dispersion relations for transverse and longitudinal modes. Transverse photons are similar to the ordinary photons in the vacuum and longitudinal photons are the collective excitation of the plasma known as "plasmon". Cerenkov radiation is emitted when a charge particle moves through a medium with a velocity greater than c/n, n being the refractive index of the medium. This is also true for neutral particles with non-zero magnetic and or electric dipole moments. For Cerenkov radiation to take place in the medium, the refractive index of photon should satisfy the condition n = |k|/w > 1, where k and ω are momentum and frequency of the emitted photon respectively. Recently several authors have considered the Cerenkov radiation emitted by neutrinos as they pass through a medium [2, 3, 4, 5, 6] . Olivo, Nieves and Pal have recently shown that, neutrino can emit Cerenkov radiation even in the massless limit and having no electromagnetic dipole moments [2] .
In a relativistic plasma neutrinos can loose energy by the Cerenkov radiation of plasmon. This takes place: firstly because neutrinos acquire an effective charge in the medium, by coupling to the electromagnetic field through electrons and positrons in the plasma [2, 3, 7] , which is shown in the Feynman diagrams in figure   1 . Secondly there is a range of frequencies of plasmon for which the refractive index n > 1, and the Cerenkov process is kinematically allowed. We compute the rate of energy radiated by neutrinos (even those with zero electromagnetic dipole moments) in relativistic plasma. We find that the rate of energy radiated in
For n > 1, (w t /w p ) 2 is always negative but for a range of n > 1; (w l /w p ) 2 is positive which is shown in figure 1 . From the dispersion relations we see that the refractive index n t = w t /|k| of transverse photon is always less than one, so transverse photon can not be emitted by Cerenkov process in a plasma. On the other hand, for longitudinal photon we see that n l can be greater than one. So there can be plasmon emission by Cerenkov process. Recently several authors have considered the Cerenkov radiation by neutrinos in a medium [2, 4] . Neutrino properties get modified when propagates through a medium as a consequence of the weak interaction with the background particles [7] . It has been shown earlier that neutrino acquires an effective charge in the medium by coupling to the electromagnetic field through electrons and positrons in the plasma [2, 3] .
Here we will consider the Cerenkov process
in the medium, where γ(k) is the plasmon (longitudinal photon) emitted with a momentum k. Feynman diagram for the above processes are shown in figure 2. The matrix element for the above process is given by
where Γ αµ (w, k) is the effective vertex for the plasmon interac ing with the neutrino current. This effective vertex is due to the W and Z in the loops in the Feynman diagram [3, 8] . The vertex tensor is gauge invariant quantity, as k µ Γ αµ = 0 [3, 8] . The effective vertex tensor is[8]
where C V and C A are vector and axial vector coefficients, ǫ µ (k, λ) is the polarization vector, u(p i ) is the neutrino spinor and α in the denominator is the electromagnetic coupling constant. The functions P l , P t and Π A are longitudinal, transverse and axial polarization functions respectively [8] . As we have already shown, the longitudinal part will only contribute to the above process, so transverse and axial parts (second and third terms in eq. (7)) of the vertex are ignored.
The longitudinal polarization function for plasmon is given by [8] P l = 3w
where
2 N e /m e is the plasma frequency. From eq.(6), |M| 2 is
Henceforth we will be using n l = n and w l = w. Using the polarization sum in the medium
with W µ = (1, 0) the center of mass velocity of the medium. Putting this in eq. (9) we obtain for the longitudinal part,
where p 1 = (E 1 , p 1 ), p 2 = (E 2 , p 2 ) and k = (w, k) are the four-momenta of incoming neutrino, outgoing neutrino and outgoing photon respectively. Then the total energy emitted from a single process is
Using the identity
where Θ(E 2 ) is the step function and m ν is the neutrino mass. Putting eq.(13) in eq. (12) and integrating over p 2 we obtain for energy radiated by neutrino in time T is
The angle θ between the incoming neutrino and the emitted plasmon is obtained from the delta function in eq. (14),
where v =
is the neutrino velocity (≃ 1). Since −1 ≤ cosθ ≤ 1; which implies
But definitely −
can not be the lower limit for the above Cerenkov process, as for n > 1 this is a negative quantity and w can not be negative. On the other hand from the dispersion relation for the longitudinal photon we obtain w ≥ 0.035w p .
Thus the kinematically allowed region for the Cerenkov process is
Evaluating |M| 2 and simplifying the eq. (14) we obtain
) for ν e , ν µ and w 1 and w 2 are the lower and upper limits of w, θ W is the weak mixing angle and sin 2 θ W ≃ 0.233. As the plasmon emission is possible for a narrow range of the refractive index 1 < n ≤ 1.0185, we assume n(w) ≃ n and take an average value of n within the above range (n = 1.006). Assuming the plasma frequency to be much smaller than the incoming neutrino energy, w p << E 1 we obtain
Thus the energy intensity of the emitted longitudinal photon by neutrino is proportional to the square of the incoming neutrino energy.
Supernova shock revival
Observation of neutrino events from supernova SN1987A confirms that neutrino emission is an efficient process of cooling, hot, dense and collapsed stars. The production and propagation of neutrinos are greatly influenced by the collective effects of the stellar plasma. Adams, Ruderman and Woo [11] pointed out that plasmon decaying into neutrino-antineutrino pair (γ → νν) would play an important role in the stellar cooling process. Neutrinos are also responsible for the delayed explosion of Type-II supernova. Recent numerical calculations in more than one dimension shows that material behind the stalled shock wave of the supernova can be heated efficiently by neutrinos coming from the neutrinosphere and eventually expel the outer mantle causing the supernova explosion [12, 13, 14] .
The neutrino properties get modified when propagate through the plasma medium because of the weak interaction with the background particles. Thus plasma process is of great importance in studying the astrophysical problems. Here we consider the energy deposited by the Cerenkov process described above in the stalled shock wave of the supernova and compare with the Bethe-Wilson mechanism of the shock revival [15] .
After the gravitational collapse of a massive star into neutron star, a shock wave is formed and after traveling some distance (about 400 Km [9] ) get stalled because most of the kinetic energy in the shock wave is used to dissociate the nuclei. Bethe and Wilson in 1982 showed [15] that, neutrinos from the hot inner core of the supernova are captured by the matter behind the shock through the process ν e +n → p+e − andν e +p → n+e + and deliver their energy. About 0.1% of the total energy is sufficient to reheat the matter and eject the stalled shock. In BW mechanism rate of energy absorbed by a gram of matter at a distance R iṡ
where L ν52 is the neutrino luminosity in units of 10 52 erg/sec, R 7 is the distance from the center in units of 10 7 cm, T ν = 5 MeV is the temperature of the neutrino sphere andỸ N ≃ 1 is the total mean fraction of the nucleon. Here we neglect the contribution due to electron and positron capture as they are correction to this contribution. The total energy absorbed by the stalled shock wave, which has a thickness d and density ρ iṡ
For the neutrino luminosity L νe = 4 × 10 52 erg/sec and the stalled shock wave density ρ ≃ 10 8 g/cm 3 [10] and R = 400 Km, the energy absorbed by the shock wave (assuming 100% absorption) iṡ
So 0.1% of this is 9.4 × 10 42 d cm erg/sec, where d cm is units of cm.
In the Cerenkov process the total energy emitted by neutrinos (we assume that all the radiated photons is absorbed by the medium) per unit time iṡ
Here we have replaced T by the thickness of the medium d. For average electron neutrino energy E 1 = 12 MeV we obtainĖ C = 1.8 × 10 36 d cm erg/sec. Now comparing both the process (0.1% of BW) we havė
This shows that the energy deposition by Cerenkov process is extremely small.
Both the BW process and the Cerenkov process are weak processes, so in principle the energy deposition in both the processes should not differ too much, and even if there is difference, it should be compensated by the electromagnetic coupling of the neutrino in the medium. But as the Cerenkov process is kinematically allowed only for a very small range of the refractive index n very close to unity and the energy emitted is proportional to (n−1) 3 ; for refractive index n ≃ 1.006, (n−1)
